The objective of this work was to evaluate the effect of copper use efficiency in soybean cultivars, grown on a typical Ultisol with a high organic matter content, on soil chemical properties and on plant grain yield, nutritional state, and physiological components. The experiment was carried out in greenhouse conditions, in a 5×4 factorial arrangement, with five soybean cultivars (TMG 1066RR, BRS 360RR, NA 6262RR, BMX Turbo RR, and BRS 359RR) and four Cu rates (0, 2, 4, and 8 mg kg -1 ). Under the studied soil conditions, the DTPA-TEA and Mehlich-1 extractants were efficient in determining available Cu in the soil. Regardless of the cultivars, Cu application increased grain yield (GY), shoot dry weight yield (SDWY), number of pods per pot, GY/SDWY ratio, photosynthetic rate, stomatal conductance, internal CO 2 concentration, transpiration rate, and chlorophyll content. However, Cu use efficiency varied significantly among the different soybean genotypes. Except for Cu, soil chemical attributes and foliar and grain nutrient contents are not influenced by Cu rates nor by soybean cultivars.
Introduction
The introduction of the no-tillage management into crop systems has caused a gradual increase in soil organic matter (SOM), leading to a Pesq. agropec. bras., Brasília, v.54, e01140, 2019 DOI: 10.1590/S1678-3921.pab2019.v54.01140 higher nutrient availability, water retention, and cation exchange capacity, which allow oxygen diffusion for the development of soil meso-and microfauna and, consequently, a better growth of plant roots Lourente et al., 2011) . However, due to its great affinity to SOM, available copper content may decrease (Stevenson & Fitch, 1981; Migocka & Malas, 2018) as a result of the increased formation of complexes and chelate, which can reduce the concentration of the element in the soil solution, mainly when SOM is associated with the clay fraction, since copper retention in the solid phase is largely related to the presence of these two types of materials (Wu et al., 1999) .
Copper deficiency has been reported in many agricultural soils in several parts of the world (Fageria, 2009) . In South America, for example, it has been observed in cereals and legumes , varying according to soil conditions and crop genotypes (Fageria, 2014) . In this scenario, knowing the amount of copper required is important, since this micronutrient is essential for the healthy growth of crop plants, being responsible for activating several enzymes, with roles in photosynthesis, respiration, protein and carbohydrate metabolisms, lignification, and pollen formation (Marschner, 2012; Migocka & Malas, 2018) .
In the soil, Cu 2+ ions bind directly to SOM through two or more functional groups, such as the carboxyl, carbonyl, and phenolic ones. For copper, immobilization occurs by the formation of a rigid inner-sphere complex in conditions of low pH value, differently from that observed for other metals, such as manganese, iron, and cobalt, which form an outer-sphere complex with SOM (McBride, 1997) . With Cu 2+ , soil components are absorbed in the following preference order: manganese oxide (MnO), SOM, iron oxide (Fe 2 O 3 ), aluminum ion (Al 3+ ), and clay minerals (Wu et al., 1999) . However, soil MnO and SOM are more prone to connect to Cu 2+ in a non-permutable manner, since, when adsorbed by clay minerals and Fe and Al oxides, copper can be exchanged by other cations and pass to the soluble phase, which does not occur during binding to MnO and SOM (Wu et al., 1999) .
In plants, nutrient uptake differs according to species and cultivars, which are classified as efficient and responsive or as inefficient and responsive, for example (Moreira et al., 2015) . and found a significant increase in soybean [Glycine max (L.). Merr.] and wheat (Triticum aestivum L.) yield when copper was applied in a field experiment, in two growing seasons, under subtropical and greenhouse conditions. highlighted that nutrient use efficiency in genotypes is a key strategy to improve soybean yield, concluding that the uptake of nutrients, including copper, varies from one soybean genotype to the other.
The objective of this work was to evaluate the effect of copper use efficiency in soybean cultivars, grown on a typical Ultisol with a high organic matter content, on soil chemical properties and on plant grain yield, nutritional state, and physiological components.
Materials and Methods
The experiment was conducted under greenhouse conditions, at an average temperature of 26°C and a day/night photoperiod of 13±0.5/11±0.5 hours, at Embrapa Soja, in the municipality of Londrina, in the state of Paraná, Brazil (23°11'39"S, 51°10'40"W, at 630 m altitude). The soil used was an Argissolo típico (Santos et al., 2013) , i.e., a typical Ultisol, collected at 0-20-cm depth, at the municipality of Ponta Grossa, also in the state of Paraná. Before the treatments were applied, soil chemical analysis showed the following attributes (Teixeira et al., 2017) : pH (CaCl 2 ) 6.5, 25.1 g kg -1 C, 7.5 mg kg -1 P (Mehlich-1 extractant), 0.3 cmol c kg -1 K + , 4.5 cmol c kg -1 Ca 2+ , 0.5 cmol c kg -1 Mg 2+ , 0.0 cmol c kg -1 Al 3+ (KCl 1.0 mol L -1 ), 4.0 cmol c kg -1 H+Al, 8.0 mg kg -1 S-SO 4 -, cation exchange capacity (CEC) (∑K + , Ca 2+ , Mg 2+ , H+Al) of 5.51 cmol c kg -1 , base saturation (V) [(∑K + , Ca 2+ , Mg 2+ /CEC)×100] of 56.8%, 0.2 mg kg -1 available B (hot water), 1.7 mg kg -1 available Cu (Mehlich 1), 3.2 mg kg -1 Cu [diethylenetriaminepentaacetic acid-triethanolamine (DTPA-TEA)], 75.5 mg kg -1 available Fe (Mehlich 1), 80 mg kg -1 available Mn (Mehlich 1), and 21.9 mg kg -1 available Zn (Mehlich 1). Soil density was 1.2 g cm -3 and clay content was 357 g kg -1 .
The experimental design was completely randomized, in a 5×4 factorial arrangement, used to evaluate the response of five soybean transgenic cultivars (TMG 1066RR, BRS 360RR, NA 6262RR, BMX Turbo RR, and BRS 359RR) to four Cu rates (0, 2, 4, and 8 mg kg -1 ), with four replicates. The choosen cultivars were obtained from different breeders, were representative of the subtropical region, showed an indeterminate cycle, and were classified in the 5.9 to 6.2 relative maturity group.
Thirty days before planting in 3.0-kg soil clay pots, a total of 3.0 Mg ha -1 dolomitic lime were applied (13.5% MgO and 95% effective calcium carbonate equivalent). The pots were irrigated daily with deionized water to keep the soil next to 70% of total pore volume. Ten seeds were seeded and, after harvest, two plants were left per pot.
Nitrogen was supplied by the inoculation of seeds with a cocktail of Bradyrhizobium elkanii + Bradyrhizobium japonicum. The other nutrientsphosphorus, potassium, sulfur, boron, cobalt, iron, manganese, molybdenum, nickel, and zinc -were applied as recommended by Moreira et al. (2011) for experiments conducted in greenhouse conditions: 50 mg kg -1 P (monoammonium phosphate), 0.5 mg kg -1 B (H 3 BO 3 ), 0.1 mg kg -1 Mo (Na 2 Mo 4 .2H 2 O), 0.01 mg kg -1 Co (CoCl 2 ), 0.01 mg kg -1 Ni (NiSO 4 .6H 2 O), 5.0 mg kg -1 Mn (MnSO 4 .3H 2 O), and 5.0 mg kg -1 Zn (ZnSO 4 .7H 2 O). At the V 2 and V 4 growth stages, 50 mg kg -1 K (potassium sulphate) were applied twice as topdressing fertilization, totaling 100 mg kg -1 in the cycle. Except for limestone, nutrients were added in solution.
At the R 2 growth stage (Fehr et al., 1971) , during the morning period, the third and fourth trefoils were measured, starting at the apex, with the LI-6400XT portable photosynthesis analyzer (LI-COR Biosciences, Lincoln, NE, USA). Photosynthetic rate (A, µmol CO 2 m -2 s -1 ), stomatal conductance (g s , mol H 2 O m -2 s -1 ), transpiration rate (Trmmol, mmol H 2 O m -2 s -1 ), and intercellular CO 2 concentration (Ci, µmol CO 2 mol -1 ) were determined, and water use efficiency (µmol CO 2 m -2 s -1 ) was calculated for A/Trmmol. In the same stage and leaves, the soil-plant analysis development (SPAD) index, used to indicate relative chlorophyll content, was also measured with SPAD 502 (Konica Minolta, Inc., Osaka, Japan), being later converted into chlorophyll content (mg cm -2 ) through the equation ŷ = 16.033 + (7.5774 × SPAD) (Fritschi & Ray, 2007) .
After measuring these variables, the same trefoils were collected from the apex (diagnostic leaf) for each treatment. They were dried in a hood with forced circulation, at 65 o C, to determine total N, P, K, Ca, Mg, B, Cu, Fe, Mn, and Zn contents (Malavolta et al., 1997) . During all the vegetative cycle, senescent leaves were collected to obtain shoot dry weight yield (SDWY). After the physiological maturation stage (R8), grain yield (GY), number of pods per pot (NPP), and number of grains per pod (NGP) were quantified. The total contents of N, P, K, Ca, Mg, B, Cu, Fe, Mn, and Zn were also obtained for the grains. After harvest, soil samples from each pot were collected to detemine soil chemical attributes (pH, SOM, P, K + , Ca 2+ , Mg 2+ , H+Al, Al 3+ , S-SO 4 2-, B, Cu, Fe, Mn, and Zn), according to the methodologies described by Teixeira et al. (2017) . Available Cu contents in the soil were also extracted by DTPA-TEA (Lindsay & Norvell, 1978) .
Results from soil chemical attributes, yield components, physiological components (A, C i , g s , Trmmol, water use efficiency, and chlorophyll content), and plant nutritional status (leaves and grains) were subjected to normality tests, analysis of variance, F-statistics, Pearson's correlation analysis, and polynomial regression, correlation, and regression, at 5% probability.
Results and Discussion
The cultivar × Cu rate interactions were not significant for soil chemical attributes ( Table 1) . Most of the analyzed attributes (pH, C, P, K + , Ca 2+ , Mg 2+ , SO 4 2-, Fe, Mn, and Zn) were above or within the range considered adequate for the development of plants in tropical conditions; the exceptions were Al 3+ and potential acidity that were within the low or very low range, and available B that was below the recommended range (Moreira et al., 2017b) .
In the case of available Cu, independently of the extractant used (Mehlich 1 or DTPA-TEA), there was a linear increment in Cu contents with the increase in nutrient rates ( Figure 1 ). Both extractants were affected by these rates and were significantly correlated when used to determine soil nutrient availability ( Figure 2 ). Available Cu contents varied from 5.6 to 7.8 mg kg -1 , with an average of 6.5 mg kg -1 , with the DTPA-TEA extractant, and from 2.1 to 3.3 mg kg -1 , with an average of 2.5 mg kg -1 , with Mehlich 1, which means that DTPA-TEA extracted 2.6 times more available Cu than Mehlich 1 (ŷ = 3.972 + 1.034x, r = 0.59, p≤0.05). Despite these differences, the interpretation ranges for soil Cu availability and the efficiency of both extractants for the interpretation of soil nutrient contents are in alignment with Tecnologias de produção de soja (2011). Even with high soil available Cu (Figure 2) , the ranges were within those obtained Pesq. agropec. bras., Brasília, v.54, e01140, 2019 DOI: 10.1590/S1678-3921.pab2019.v54.01140 by in soils with different clay and SOM contents.
GY, SDWY, GY/SDWY ratio, and NPP were influenced by the treatments, with a significant cultivar × Cu rate interaction for these variables (Table 2) . These results showed that the variation between cultivars was consistent and that the cultivars responded differently to Cu rates. GY varied from 15.0 to 25.2 g per pot; the highest productivity was found for the BRS 360RR cultivar, with an average of 22.4 g per pot, regardless of the Cu rate, and the lowest for NA 6262RR, with 17.6 g per pot. Moreira et al. (2015 Moreira et al. ( , 2017a ) also observed that, even when the same amount of a certain nutrient is applied to substrates, soybean cultivars adapted to the same environmental conditions can behave differently regarding GY.
The SDWY of the five evaluated cultivars varied from 29.2 to 53.5 g per pot in response to the Cu rates, with an average of 40.9 g per pot. Among cultivars, in general, NA 6262RR was the least productive and Table 1 . Influence of copper rates and genotypes on the chemical attributes of a typical Ultisol after cropping of soybean (Glycine max) cultivars (1) .
Cu rates (mg kg -1 ) TMG 1066RR, the most (Table 2) . According to the regression equation (ŷ = 38.260 + 2.090x -0.225x 2 , R 2 = 0.86, p≤0.05), the highest SDWY was obtained with the Cu rate estimated at 4.6 mg kg -1 , which is three times above the value recommended by Allen et al. (1976) and Moreira et al. (2011) as the proper amount for plant cultivation in experiments conducted in greenhouse conditions. The GY/SDWY ratio and NPP were also influenced by Cu rates and soybean cultivars (Table 2) , presenting a quadratic effect for the highest cultivar averages obtained with 4.0 and 3.3 mg kg -1 Cu, respectively. Among the cultivars, the highest and lowest GY/SDWY ratios of 0.56 and 0.45 were found for NA 6262RR and TMG 1066RR, respectively, with an average value of 0.50. For NPP, the inverse was observed, with values ranging from 41 for NA 6262RR to 64 for TMG 1066RR, with an average of 53 among cultivars; BRS 360RR, BMX Turbo RR, and BRS 359RR presented intermediate values. Moreira et al. (2017a) and Moreira & Moraes (2016) also found that NPP varied among soybean cultivars, regardless of the used fertilization. The NGP varied from 2 to 3, a number similar to that obtained by Moreira et al. (2015) and for different cultivars. Fageria et al. (2010) attributed differences in NGP in leguminous plants to genetic factors, which could explain the differences between genotypes of varying origins and characteristics. In leaves, differences were observed among cultivars for N, P, K, Ca, Fe, Mn, and Zn contents and for the cultivar × Cu rate interaction for Cu content; in grains, differences were verified among cultivars for Ca and Fe contents and also for the interaction between treatments for Cu content (Tables 3 and 4 ). In leaves, nutrient contents varied from 22.2 to 35.5 g kg -1 N, 2.8 to 9.9 g kg -1 P, 13.3 to 23.0 g kg -1 K, 1.7 to 3.4 g kg -1 Ca, 3.0 to 4.8 g kg -1 Mg, 3.2 to 11.7 mg kg -1 Cu, 29.2 to 122.5 mg kg -1 Fe, 40.1 to 115.5 mg kg -1 Mn, and 12.5 to 23.0 mg kg -1 Zn; in grains, from 26.2 to 40.8 g kg -1 N, 4.0 to 8.0 g kg -1 P, 15.2 to 27.4 g kg -1 K, 1.6 to 2.9 g kg -1 Ca, 1.1 to 1.9 g kg -1 Mg, 3.6 to 15.7 mg kg -1 Cu, 78.1 to 185.7 mg kg -1 Fe, 45.2 to 83.4 mg kg -1 Mn, and 12.1 to 37.1 mg kg -1 Zn. Except for the Cu contents that varied with the Cu rates and for the N well below the contents indicated as adequate by Malavolta et al. (1997) , the values obtained for P, K, Ca, Mg, Fe, Mn, and Zn, in the present study, were similar to those reported by Moreira et al. (2015 for different soybean cultivars in the same environmental conditions.
Considering the average of soybean cultivars and Cu rates, the order of the macronutrient contents in the leaves was N > K > P > Mg > Ca, while that of micronutrients was Fe > Mn > Zn > Cu (Table 3 ). In the grains, the order of the macronutrient contents was N > K > P > Ca > Mg, and that of micronutrients was similar to the one observed for leaves (Table 4 ). Likewise, Moreira et al. (2015 Moreira et al. ( , 2017a also reported higher N, K, and P contents in leaves and grains. In relation to micronutrients in grains, Moreira et al. (2015) obtained a similar order, considering the average of different soybean cultivars. Among the evaluated cultivars, BRS 360RR presented the highest N, P, Ca, Fe, Mn, and Zn contents in the grains (Table 4) , indicating a greater uptake efficiency, in agreement with Fageria et al. (2016) , who observed that the uptake capacity of each cultivar and/or species affected the internal nutrient content of the plant. Probable divergences between the results of the present study and of other researches, such as that of , can be explained by the amount of nutrients applied to the soil and by the differences among the assessed cultivars. The analysis of variance also showed a positive effect of Cu rates on plant physiological attributes (Table 5 ). The highest average values for A, g s , Trmmol, and chlorophyll content were found for cultivar BRS 359RR, while those for C i and water use efficiency were obtained for TMG 100RR. In the average Table 3 . Nitrogen, phosphous, potassium, calcium, magnesium, copper, iron, manganese, and zinc contents in the leaves of five soybean (Glycine max) cultivars in response to copper fertilization rates.
Cu rates (mg kg -1 ) 12.27 15.41 13.91 9.92 11.63 9.78 18.97 14.96 16.58 (1) CV, coefficient of variation.*Significant by the F-test, at 5% probability. ns Nonsignificant. Table 4 . Nitrogen, phosphorus, potassium, calcium, magnesium, copper, iron, manganese, and zinc contents in the grains of five soybean (Glycine max) cultivars in response to copper fertilization rates.
Cu rates (mg kg -1 ) (Malavolta et al., 1997; Fageria, 2009; . In the plant, approximately 50% of all Cu present is found in the chloroplast connected to that protein, whose proportion in relation to the number of chlorophyll molecules is 3 to 4 for 1,000 of the pigment; with this, during Cu deficiency, there is a reduction in the concentration of plastocyanin, as well as in the activity of photosystem I (Fageria, 2009; Hänsch & Mendel, 2009; Marschner, 2012) . The effects of Cu on plant physiological components were also described by Migocka & Malas (2018) , evidencing the importance of Cu in the plant's nutritional state.
Conclusions
1. In a typical Ultisol with a high organic matter content, the grain yield, shoot dry weight yield, grain yield/shoot dry weight yield ratio, and number of pods per pot of soybean (Glycine max) cultivars are positively affected by copper fertilization, but Cu use efficiency varies significantly among the different soybean genotypes evaluated (TMG 1066RR, BRS 360RR, NA 6262RR, BMX Turbo RR, and BRS 359RR).
2. Photosynthetic rate, internal CO 2 concentration, stomatal conductance, transpiration rate, and chlorophyll content present a positive correlation with the available Cu content in the soil.
3. The cultivar × Cu rate interactions are not significant for the studied soil chemical attributes.
4. The Mehlich-1 and diethylenetriaminepentaacetic acid-triethanolamine (DTPA-TEA) extractants are efficient in determining available Cu in the soil; however, DTPA-TEA extracts 2.6 times more available Cu than Mehlich 1.
